Abstract-Spatially resolved dispersion mapping of dispersion flattened highly nonlinear fiber (DF-HNLF) is reported. The characterization of a nearly dispersionless fiber-type is achieved through a generalized counter-colliding pulse method originally developed for conventional, linear-slope HNLF type. A new algorithm is developed in conjunction with the technique and applied to a 160-m-long DF-HNLF segment. The new method is used to identify the fiber part with largest dispersion fluctuations. A combined ability to spatially resolve DF-HNLF type and measure them with high accuracy carries a large practical importance for wideband mixer construction that requires precise phase matching conditions. Index Terms-Dispersion measurement, highly nonlinear fiber.
pumps. Consequently, the ability to characterize dispersion fluctuations along HNLFs is of critical importance if precise phase matching is to be maintained locally.
Recent progress in fabrication has resulted in two distinct HNLF types. The conventional HNLF type possesses nearly constant dispersion slope (∼0.03 ps/nm 2 /km) and is used in applications that require moderate spectral bandwidth (∼10 THz). The second HNLF type is often referred as dispersion flattened HNLF [3] . This type possesses dispersion slope that is nearly an order of magnitude lower in 1550-nm vicinity, and represents close approximation of true dispersionless waveguide. Its dispersion profile D(λ) resembles an inverted parabola, with its peak (D peak ) centered at target operating band. Although DF-HNLFs possess a lower nonlinear coefficient (∼12 /W/km) than conventional HNLFs (∼20 /W/km), differences in group delay remain exceedingly small over a broad wavelength range. Consequently, DF-HNLF is the nonlinear platform of choice for wide-band parametric mixing applications. Wideband frequency comb generation [9] and tunable source construction [10] are the two most prominent applications.
II. PRINCIPLE: FOUR WAVE MIXING LOCALIZATION
The idea of the method is schematically shown in Fig. 1a . We assume that two probes P 1 and P 2 centered at distinct frequencies ω P 1 and ω P 2 are used in measurement. The probe P 1 was amplified by a counter-propagating pump resulting in effective four-wave mixing (FWM) between two probes at the rest of the pass. An idler wave P FWM at frequency ω FWM = 2ω P 1 − ω P 2 was generated, as illustrated in Fig. 1b . Phase and amplitude of the newly generated FWM product are directly defined by the DF-HNLF dispersion fluctuation map. For details, please refer to [7] .
Transversal geometry fluctuation is a dominant mechanism that leads to dispersive variation. If a phase mismatch β = β P 2 + β FWM − 2β P 1 among interacting waves is varied with coordinate z, the period of FWM oscillation z , averaged over interval (z, z + z ), is defined by [7] , (Eq. (15)):
In a general case, if the spectral dispersion profile is specified as a function of the second order dispersion coefficient β 2 (ω), the phase mismatch is defined as: In Eq. (2), β is measured in a coordinate system that propagates with the first probe ω P 1 . The inner integral is a group delay difference between two waves propagating with a group velocity imposed by DF-HNLF at frequencies ω and ω P 1 , whereas the outer integral defines a phase mismatch between ω P 1 and pair ω P 2 and ω FWM . In contrast to standard dispersive descriptions in wavelength domain, however convenient for experimental descriptions, we refer to dispersion as a function of frequency in the remainder of this report.
In case of standard (linear slope) HNLF, the second order dispersion coefficient is given by
and the corresponding group delay mismatch is
whereβ 2 andβ 3 are second-and third-order dispersion coefficients at frequency ω P 1 . It can be easily seen that the outer integral in Eq. (2) vanishes for the second term in Eq. (4) since it is an even function of ω P 1 . Indeed, only the second term contributes to the integration and defines phase mismatch between three interacting waves:
This analysis can then be generalized to higher order dispersive terms, remembering that only even-order dispersive terms contribute to β. The latter is even intuitively clear: odd terms of the β 2 function are responsible for synchronous propagation of waves ω P 2 and ω FWM , centered at symmetric frequencies with respect to ω P 1 . Dispersion dependence on the spatial coordinate can be naturally included into the analysis bȳ
For a fixed position of the probe ω P 1 , the highest FWM measurement visibility ( [7] , chapter IVB) is achieved if ω P 1 is positioned in vicinity of zero dispersion frequency (ZDF) ω 0 . In this case, the FWM visibility is defined by the ratio between the deviation of zero dispersion frequency given by max{ω 0 (z)}−min{ω 0 (z)} and the offset between the probe ω P 1 and the average zero dispersion frequency <ω 0 (z) > ( [7] , Eq. (16)). For DF-HNLF, the dispersion profile can be approximated by the parabola
that is centered at frequency ω min ; β 4 defines the curvature of the parabola. To generalize the analysis applicable to HNLF with linear dispersion slope, Eq. (5) can be modified by adding a term responsible for the fourth-order dispersion:
where bothβ 2 andβ 4 are referenced at probe frequency ω P 1 and can be calculated from Eq. (7). The longitudinal dispersion variation can now be naturally described by three parabola parameters: β 2min , β 4 , and ω min . Unfortunately, three freely varying parameters also make an accurate analysis of FWM localization exceedingly complex. However, two earlier findings about HNLF dispersive fluctuations can be used to limit the range in which these parameters need to be considered. Firstly, it has been experimentally demonstrated [9] that third, and higher, dispersive orders remain stable along the length of practical fiber types and can be regarded as constants. Secondly, we have shown earlier that a scaling of HNLF transverse geometry predominantly shifts β 2 vertically, as illustrated in Fig. 1b . Consequently, it is sufficient to consider the position of the dispersion minimum β 2min (or the corresponding peak D peak = −β 2min ω 2 min 2πc ) to initiate the dispersion mapping analysis.
Even after the above assumptions are incorporated, the spatially resolved mapping of DF-HNLF is considerably more complex than that of the conventional (linear slope) HNLF. In standard DF-HNLFs, the change of phase mismatch β attributed to the spatial variation of the parabola offset (∼β 2 (z)) can be comparable to the part of β related to dispersion curvature (∼β 4 ) for typical spacing ω between interacting probes of several THz. If the frequency of the first probe is located close to the minimum of the dispersion parabola β 2 (ω) while the minimum remains small and negative (regime of small anomalous dispersion), the second order dispersive term could compensate for the forth order dispersion, thus degrading the spatial resolution. An additional challenge is posed when two different dispersion profiles produce phase mismatch with equal absolute values but with opposite signs. In this case, the spectral position of dispersion curve (or, equivalently, the position of the dispersive parabola peak) could not be uniquely identified since both dispersive curves result FWM with equal period of spatial oscillation. To avoid this, the frequency of the first probe must be shifted from ω min , preferably closer to one of the ZDFs, as shown in Fig. 1b . Following this strategy, the sign of the phase mismatch could remain unchanged and invariant on spatial position along the fiber since the fourth-order dispersive term will dominate.
If dispersion curve peak remains positive, the β is positive as well and grows rapidly as spacing between probes ω is increased. As emphasized during the introduction, this case is of particular importance since DF-HNLF fibers with low normal dispersion (0 > D peak > −0.1 ps/nm/km) and extremely low curvature support both wide band mixing and suppression of parametric vacuum noise amplification (parametric fluorescence).
It should be noted that if the dispersion profile is measured or specified as an arbitrary function, the phase mismatch term (Eq. (2)) can be calculated by numerical integration and the fitting procedure for significant dispersive order terms can be omitted. Double integration collapses to a single operation since the lower integration for dispersion (inner integral) and group delay (outer integral) are identical. This algorithm is used in subsequent section to calibrate the measurement technique by identifying FWM oscillations with varying spatial coordinate.
III. EXPERIMENTAL RESULTS
The new dispersion mapping was tested on 153-m-long DF-HNLF sample. The sample was first characterized using a commercial dispersion analyzer (Advantest Q7750). The measurements were repeated multiple times and averaged in order to increase accuracy of the global dispersion value. Measured group delay of the DF-HNLF sample, including 126-cm long SMF pigtails, is plotted in Fig. 2a , indicating the average dispersion of the entire pigtailed sample. The measured profile was fitted using a 4 th order Sellmeier expression (solid lines in Fig. 2a ) to obtain the corresponding dispersion profile shown in Fig. 2b . For a spectral range above 1550 nm, the global dispersion measurement was found to be in excellent agreement with measurement performed independently by the manufacturer. Finite discrepancies observed below 1540 nm are attributed to the instrument inaccuracy outside standard telecommunication bands. For further analysis, a profile given by a manufacturer will be used. In the second, spatially-resolved set of measurements, the DF-HNLF sample was characterized by a counter-colliding dispersion scanner with a polarization scrambler [7] . Spatial scanning was performed using coarse (∼1 m) spatial resolution, while the first probe, λ P 1 , was tuned and the second probe was fixed at λ P 2 = 1598.895 nm. This measurement strategy provided both good spatial resolution and high sensitivity with respect to FWM echo retrieval. We emphasize that probe spectral separation should be wider than 50 nm in order to address very low DF-HNLF dispersion: method should sense dispersion variation that does not exceed a fraction of ps/nm/nm within 100-nm window.
The measurement was initiated by setting the wavelength of the first probe to 1545 nm, while the frequency shift between the first probe, P 1 , and a counter-propagating pump intended to deliver maximal Brillouin gain was 10.153 GHz. The power of the pump was adjusted to obtain spatially equalized 15-dB gain.
After all FWM echoes from counter-colliding events were collected, the data was processed to retrieve the dispersion fluctuation DF-HNLF map. Firstly, the dispersion profiles possessing distinct peaks were numerically integrated using Eq. (2) for optimized probe frequencies in order to obtain the calibration curve z (D peak ). The calculated dependence is plotted in Fig. 3 . In contrast to the ω P 1 − ω 0 (z) −1 dependence observed with oscillation period of ZDF deviation z (ω 0 ) for linear sloped HNLF ( [7] , Eq. (16)), the curve shown in Fig. 3 possesses steeper dependence on peak dispersion, allowing for more sensitive dispersion analysis.
The evolution of FWM echoes and corresponding spatial periods were obtained by repeated DF-HNLF scanning. Each scan had a 20-cm step resolution and was performed in both directions with different probe powers. The measured spatial oscillations of the idler are plotted in Fig. 4 . It is clear that the intervals are not regular but vary with fluctuating dispersion along the fiber length.
At the beginning of the fiber sample (z < 50 m), the oscillation period exceeds 45 m and corresponds to the peak dispersion of approximately 0.04 ps/nm/km. In subsequent, 60-m-long section, the FWM oscillation period stabilizes within 30t35m range, indicating 0.005 < D peak < 0.015ps/nm/km (Fig. 5) . However, after 110 m, the dispersion drops to −0.04 ps/nm/km identifying the defective fiber section. In backward scan, this abrupt change did not repeat since the dispersion increased rapidly for distances after 140 m, as clearly seen from Fig. 4a . For backward direction, the power of FWM echo increased slowly for the last 30 m (Fig. 4b) , in contrast to that of the front 30 m in forward direction. This can be intuitively understood by considering the evolution of the amplitude of FWM echo in complex plane ( [7] , chapter IIIA). Using complex representation, the FWM power is given by length of the vector connecting the origin (no echo, zero power) and a complex point corresponding to FWM echo generated at specific collision point z within the fiber. As an illustration, if dispersion is constant along the entire fiber length ( β = const), the FWM echo amplitude evolves along the circle proportional the integral of the phase matching term e j βz dz , starting at origin (z = 0) and passing origin (z = z ), mapping the spatial oscillations [7] . This case approximately mimics observed behavior in the first 50 m of DF-HNLF, when scanned in forward direction. In contrast, when dispersion fluctuates along the fiber, the FWM echo evolution occurs over complex spiral trajectory defined by β(z). In general, such trajectory does not terminate at the complex origin but oscillates between power extremes and defines intuitive tracking analogy. We compare measured dispersion fluctuations with those in conventional (linear slope) HNLF possessing linear slope of 0.03 ps/nm 2 /km. In this case, observed peak-to-peak dispersion variation of 0.15 ps/nm/km would correspond to ZDW deviation of 5 nm. Finally, we point that the reported DF-HNLF measurement has significant practical value as it can identify the section possessing largest dispersion deviation from the global characteristics. Indeed, specific example described here identified a specific, 30-m-long section, that when eliminated, leaves the rest of DF-HNLF variations within 0.035 ps/nm/km.
IV. CONCLUSION
A spatially-resolved dispersion measurement technique capable of mapping DF-HNLF type with programmable resolution was developed. The technique represents a generalization of counter-colliding pulse FWM method which was originally introduced for mapping linear-slope HNLF types. A new algorithm was described in conjunction with the technique and applied to measurement of 153-m-long DF-HNLF sample. The new technique was used to identify the fiber segments with largest dispersion fluctuations.
